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PREFACE

The Kansas Department of Transportation’s (KDOT) Kansas Transportation Research and New-
Developments (K-TRAN) Research Program funded this research project. It is an ongoing,
cooperative and comprehensive research program addressing transportation needs of the state of
Kansas utilizing academic and research resources from KDOT, Kansas State University and the
University of Kansas. Transportation professionals in KDOT and the universities jointly develop
the projects included in the research program.

NOTICE

The authors and the state of Kansas do not endorse products or manufacturers. Trade and
manufacturers names appear herein solely because they are considered essential to the object of
this report.

This information is available in alternative accessible formats. To obtain an alternative format,
contact the Office of Public Affairs, Kansas Department of Transportation, 700 SW Harrison, 2"
Floor — West Wing, Topeka, Kansas 66603-3745 or phone (785) 296-3585 (Voice) (TDD).

DISCLAIMER

The contents of this report reflect the views of the authors who are responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the views or the
policies of the state of Kansas. This report does not constitute a standard, specification or
regulation.



Abstract

Results are reported from tests of small-scale push-off and large-scale composite NU
I-girder specimens conducted to establish an interface connection detail that (1) Facilitates in-situ
removal of the bridge deck without damaging prestressed girders, and (2) Maintains composite
action between the prestressed girder and reinforced concrete deck throughout the service-life of
the structure.

Sixteen small-scale push-off tests were conducted to investigate the influence of surface
preparation, bond breakers (epoxy and roofing felt), and interface reinforcement properties (yield
strength, reinforcement amount, and means of anchorage) on horizontal shear transfer between
precast and cast-in-place concrete surfaces. Based on the push-off test results, a connection detail
was proposed that consists of roughening the top flange of the girder directly over the girder web
and debonding the remainder of the interface using No. 30 ASTM D4869/D4869M-16a Type |
organic roofing felt. Three full-scale composite NU35 girders, designed and fabricated using the
proposed connection detail and two control connection details, were then subjected to a series of
tests. First, decks were cast and then removed to quantify the extent to which the proposed
connection detail reduced the effort to remove the deck and to document the types and extent of
damage caused to the girders by the process. After replacing the decks, the composite girders were
subjected to 2x10° cycles of simulated traffic load and then loaded monotonically to failure.

The proposed connection (partially roughened/partially debonded with a roofing felt bond
breaker) is a viable option for use in practice; its use led to a %/3 reduction in the effort required to
remove the deck over the girder and protected the girder from all non-saw-related damage while
also effectively sustaining composite action through 2x10° cycles of simulated traffic load after
deck replacement. The proposed connection can be conservatively designed by neglecting the
debonded area when calculating interface shear strength. Other test results showed that surface
preparation has a large influence on the stiffness, strength at cracking, and peak strength of a
horizontal shear connection; each was greatest for specimens with a fully roughened surface
followed by the partially roughened surface, troweled surface, and debonded surface. Increasing

the amount of interface shear reinforcement increases the initial stiffness, shear strength at



cracking, and peak and post-peak strength, and does so more effectively than a similar increase in
reinforcement yield strength. Casting and removal of bridge decks without bond breakers does
alter the top surface of bridge girders, but the surface can be returned to a qualitatively roughened
surface with reasonable effort and care. Despite the changes to the top girder surface caused by
deck removal, composite action was developed across the interface and remained stable through

2x10° cycles of loading.
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Chapter 1: Introduction

1.1 Background

NU I-Girders are a series of standardized prestressed concrete girder cross-sections
developed by the Center for Infrastructure Research at the University of Nebraska in the 1990s.
Figure 1.1 shows the cross-section of an NU35 girder (the shallowest NU I-Girder available)
alongside the cross-section of a 36-inch-deep Type Il AASHTO I-Beam. As shown in Figure 1.1,
NU I-Girders have relatively wide and thick bottom flanges (which allows placement of a large
number of strands and greater stability during transport), wide and thin top flanges (which provides
a large platform for workers during construction), and curved fillets (which are aesthetically
pleasing and make concrete placement easier). Regardless of depth, NU I-Girders all have the
same flange dimensions. This significantly reduces the formwork necessary for construction of
NU I-Girders. Owing to their structural efficiency, economy, and aesthetic appeal, NU I-Girders
have been extensively used in Nebraska and several other states and Canadian provinces (Beacham

& Derrick, 1999).
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Figure 1.1: Example AASHTO I-Girder and NU I-Girder



1.2 Problem Statement

Despite their advantages, use of NU I-Girders is limited in Kansas. One reason is the
concern that future deck removal will irreparably damage the thin top flanges of the girders and
thereby compromise the longevity of the system. Deck removal is a destructive process during
which saws and hammers are used to cut and chip deck concrete away from the supporting precast
girders. Contact interfaces between the girder and deck concrete, as well as dowel reinforcement
protruding into the deck, are prone to being damaged by this process. It is reasonable to expect
that girders with wide and thin top flanges, like the NU I-Girders, are especially prone to damage
during deck removal.

To maximize the return on its investment in new bridge construction, the State of Kansas
has therefore recognized the need for a proven construction method for NU I-Girder bridge deck
systems to facilitate in-situ removal of the deck without damaging beam components or
compromising composite action between the prestressed girder and reinforced concrete deck
throughout its service life. This composite action, which relies on horizontal shear transfer across

the girder-to-deck interface, is important for ensuring both bridge strength and stiffness.

1.3 Objectives

This study is motivated by the need for a simple top flange connection detail that facilitates
deck removal and protects prestressed components while also ensuring composite action between
the girder and deck. To accomplish this aim, the following objectives have been identified:

a) Evaluate alternative connection details in terms of strength, stiffness, and
constructability;

b) Select a preferred connection detail and evaluate the constructability, fatigue
life, and strength of the connection relative to a control in full-scale tests;

¢) Provide guidance for selection of deck removal procedures to limit damage
to girders;

d) Develop methods for calculating horizontal shear strength that are validated
against current and previous test results; and

e) Develop recommendations for interface design.



1.4 Approach

The research approach was comprised of experimental and analytical components and
extensive review of previously reported test results.

Literature Review: An extensive literature review, summarized in Chapter 2, was

conducted that was focused on shear transfer between concrete-to-concrete interfaces, composite
concrete girder testing, and concrete deck removal techniques.

Small-Scale Experimental Testing: Sixteen small-scale “push-off”-type specimens were

tested to address Objective (a). The tests were designed to investigate the strength and stiffness of
shear transfer across an interface. Variables included use of bond breakers; combinations of
roughened and smooth surfaces (within a given specimen); amount, yield strength (60 and 120
ksi), and anchorage type (hooked and headed) of reinforcement crossing the interface; and contact
area of the shear plane. Results informed the selection of a preferred connection detail.

Large-Scale Experimental Testing: Three large-scale NU35 girders were tested to address

Objectives (b), (c), and (d). The precast girders were constructed with either a fully roughened,
partially roughened, or smooth top surface. At the laboratory, a deck was cast into place, removed,
and then replaced to evaluate the effectiveness of the detail as a means of facilitating deck removal
and to quantify damage to the girders. Fatigue and ultimate strength tests were then performed to
study the long-term composite performance of different connection systems.

Design Recommendations: Outcomes from the preceding work form the basis for design

recommendations for interface shear design, thereby addressing Objective (e).



Chapter 2: Literature Review

The literature review is composed of three parts. Section 2.1 addresses shear transfer
between concrete-to-concrete interfaces. Results of previous push-off tests and major conclusions
are summarized. Section 2.2 summarizes previous large-scale composite girder tests with results
that inform the design for horizontal shear transfer between precast concrete girders and cast-in-
place concrete decks. Both fatigue and ultimate strength tests are included. Section 2.3 describes
concrete bridge deck removal techniques and procedures as well as research that has been done on

methods for facilitating rapid deck replacement.

2.1 Shear Transfer across Concrete-to-Concrete Interfaces

Composite action between precast and cast-in-place concrete relies on shear transfer across
the interface. According to Zilch and Reinecke (2000), horizontal shear transfer between concrete
surfaces consists of three components: adhesion, shear friction, and dowel action. Adhesion refers
to the bond between concrete surfaces at an uncracked cold joint, which contributes significantly
to the initial horizontal shear strength. The contribution of adhesion diminishes quickly when
cracking occurs. As relative (sliding) displacement increases, mechanical interlock will develop
and reinforcement crossing the interface will be tensioned. As a result, a compression force will
be applied at the interface that tends to enhance mechanical interlock. Shear stress that is
transferred in this manner is often referred to as shear friction. As slippage increases further,
reinforcement crossing the interface will be subjected to shear and will contribute directly to
resisting sliding through a mechanism called dowel action.

This mechanism of horizontal shear transfer has been studied extensively through push-off
tests of specimens similar to that shown in Figure 2.1. Since the 1960s, a significant amount of
work has been done in this area. The following summarizes key contributions in chronological

order.



Figure 2.1: Typical Push-Off Specimen

2.1.1 Findings from Previous Tests of Push-Off Specimens

Hanson (1960) reported results from 62 push-off tests designed to study the shear transfer
mechanism between precast concrete girders and cast-on-site concrete decks. Concrete used to
represent the slab and girder had specified compressive strengths of 3 and 5 ksi, respectively. The
interface was a constant 8 inches wide with a varied contact length (6 in., 12 in., and 24 in.). Most
specimens had U-shaped stirrups (Grade 50 steel conforming to ASTM A305) serving as dowel
reinforcement extending 4 inches into the concrete deck from the girder section. The reinforcement
ratio, calculated as the area of reinforcement perpendicular to the interface divided by the total
interface area, was varied from 0 to 0.0083. Some specimens had 5 in. x 5 in. shear keys extending
2 Y2 inches into the top surface of the beam. The influence of adhesive bond (between concrete
layers at the cold joint), surface roughness (rough and smooth), shear keys, and reinforcement ratio
on shear transfer behavior were studied. Debonded interfaces were prepared by painting the
interface with a silicone compound that prevented bond formation between old and new concrete.
For testing, shear load was applied monotonically and relative slip at the interface was recorded at

several load increments. Shear stress (calculated using shear load divided by interface area) versus



slip curves were developed for each specimen. According to the stress versus slip curves, bonded
connections can develop high shear stresses at low slip (mostly less than 0.003 in.) while
considerable slip is required for an unbonded interface to develop high shearing stresses. It was
found that shear keys do not increase the strength of a joint with a rough bonded interface. Joint
shear strength due to dowel reinforcement was independent of that due to interface characteristics.
Hanson concluded that dowel reinforcement (No. 4 bars) contribute approximately 175 psi for
each percent reinforcement crossing the interface, and the maximum shearing stress for rough and
smooth bonded interfaces are 500 psi and 300 psi, respectively.

Anderson (1960) tested 18 push-off specimens to study shear transfer across a cold joint.
Each specimen was composed of two antisymmetric L-shaped parts (similar to the one shown in
Figure 2.1). The interface of the precast part was roughened with undulations having a depth of
approximately ¥ inch. Concrete used to represent the precast portion had a specified compressive
strength of 7.5 ksi while that for the cast-in-place part had a specified compressive strength of
either 3 or 7.5 ksi. Reinforcement crossing the interface consisted of No. 2 and No. 5 bars with
reinforcement ratios between 0.2 and 2.48 percent. The specimens were loaded monotonically in
shear along the interface. The specimens behaved like monolithic concrete up to 75 to 85 percent
of ultimate load before differential slip was recorded across the interface. According to the test
results, the ultimate shear strength was linearly proportional to reinforcement ratio for a given
concrete compressive strength. For a given reinforcement ratio, the ultimate shear stress increased
as the compressive strength of the cast-in-place concrete increased from 3 to 7.5 ksi.

Birkeland and Birkeland (1966) were the first to propose the “shear friction” theory
wherein reinforcement crossing a shear plane is assumed to provide a clamping force that induces
friction across the interface. A saw-tooth model (Figure 2.2) was proposed to describe the behavior

across a cracked interface. Equation 2.1 was proposed to calculate shear transfer strength.

v, = pfytang < 800 psi Equation 2.1

Where: p is the reinforcing steel ratio calculated as the cross-sectional area of
reinforcement oriented perpendicular to the interface divided by the total interface
area, f, is yield strength of the reinforcing bars and must not exceed 60 ksi, and

tang is a friction coefficient varies from 0.8 to 1.7 for different surface conditions.



Equation 2.1 works for monolithic concrete, cold joints with both rough and smooth
surfaces, and joints between concrete and steel surfaces. Based on this equation, the ultimate shear
transfer strength is reached when the reinforcement crossing the interface yields. To use the
equation, concrete compressive strength £/ should be larger than 4 ksi, the interface must be sound
and free from laitance, concrete must be well confined with hoops, and reinforcement must be well

anchored to develop yielding.

Reinforcement

8
7))

Figure 2.2: Saw-Tooth Model (adapted from Birkeland & Birkeland,1966)

Hofbeck, Ibrahim, and Mattock (1969) tested 38 monolithically cast push-off specimens.
The influence on shear transfer strength of the following variables was investigated: pre-existing
cracking at the shear plane; dowel action of reinforcement crossing the shear plane; yield strength
(from 48.0 to 66.1 ksi), size (from No. 1 to No. 5 bars) and arrangement of reinforcement
perpendicular to the shear plane; and concrete compressive strength (2.4 to 4.5 ksi). To investigate
the effect of dowel action, soft rubber sleeves (2 in. long and /s in. thick) were used for some
specimens along legs of bars crossing the shear plane to reduce bearing between the reinforcement
and surrounding concrete. According to the results, pre-existing cracks along the interface reduce
the shear transfer strength and increase slip at all load levels. Dowel action of reinforcement across
the interface is substantial in specimens with pre-existing cracking at the interface and insignificant
at small levels of slip in initially uncracked concrete. For specimens with initially cracked concrete,
the shear transfer strength v, was shown to be affected by reinforcement crossing the shear plane

as a function of pf, (the product of reinforcement ratio and yield stress). For specimens with



initially cracked concrete, v, and pf,, were found to be proportional up to a limit equal to the lesser
of 0.15f; and 600 psi. Above this limit, changes in pf,, have limited effects on v,,.

Mattock (1976) performed 52 push-off tests to study shear transfer between concretes cast
at different times. The push-off specimens were composed of eight precracked monolithic
specimens and 44 composite specimens with interfaces that were either precracked or uncracked.
The main variables included surface roughness (either rough or smooth), bond, and cracking
conditions. A bond breaker (made of soft soap and talc) was applied over the surface of certain
specimens to create a debonded interface. Concrete with specified compressive strengths of 3 and
5 ksi was used together with dowel bars made from deformed reinforcement (with a nominal yield
stress of 50 ksi and conforming to ASTM A615-72). According to the tests, the mechanism of
shear transfer across a cold joint that was intentionally roughened is similar to that of comparable
monolithically cast concrete with an initially cracked interface. The shear transfer strength of cold
joints with a smooth interface, which is mainly attributable to dowel action of the reinforcement,
is much less than that of a rough interface, which is attributable to a combination of frictional
resistance, mechanical interlocking (shear friction), and dowel action. For specimens with a

roughened cold joint surface, Equation 2.2 was proposed for calculating the shear transfer strength.

v, = 0.8p,f, + 400 psi < 0.2f/ (psi) Equation 2.2

Where: p, is the reinforcement ratio, £, is the yield stress of the reinforcement, and

f/ is the concrete compressive strength.

Mattock, Johal, and Chow (1975) tested six series of push-off specimens to investigate the
effects of moment and forces normal to the shear interface on the shear transfer strength across a
plane in monolithically cast concrete. A combination of moment and shear was applied to four
series of corbel-type push-off specimens, consisting of a total of 12 specimens, by applying the
transverse load at varied eccentricities to the interface. The remaining nine specimens were similar
to push-off-type specimens (shown in Figure 2.1), but with forces applied normal to the interface
in addition to shearing forces. This was done using high-strength post-tensioned steel bolts passing
through sleeves oriented perpendicular to the interface. All the specimens were constructed with

concrete that had a target compressive strength of 4 ksi and varied amounts of shear transfer



reinforcement (closed No. 3 stirrups with a yield stress of 53 ksi) crossing the interface. According
the test results, moments less than or equal to the ultimate flexural strength of the specimen do not
reduce the shear transfer strength. Tension forces applied perpendicular to the shear plane reduce
the shear transfer strength in the same way as reducing the amount of reinforcement perpendicular
to the shear plane.

Mattock, Li, and Wang (1976) investigated shear transfer strength between lightweight
reinforced concrete surfaces through tests of 66 monolithic push-off specimens. The specimens
were constructed from either all-lightweight concrete (using either coated rounded lightweight
aggregate or crushed angular lightweight aggregate), sand-lightweight concrete (by replacing fine
lightweight aggregate with natural sand), and normal-weight concrete (using gravel and natural
sand). Those specimens were either precracked or uncracked along the interface. The compressive
strength of the concrete varied from 2.5 to 6 ksi and different amounts of reinforcement (No. 3
stirrups with a yield stress of 50 ksi) were used across the interface. Ultimate measured shear
strength was presented in terms of slip and as a function of pf;, (the product of reinforcement ratio
and reinforcement yield stress). For sand-lightweight and all-lightweight concrete, existence of a
crack along the shear plane reduces the shear transfer strength by an almost constant amount for a
given pf, value. For normal-weight concrete, however, the reduction of shear strength due to
existence of a crack decreases continually as pf,, increases. For precracked specimens with similar
concrete compressive strengths and pf,, the shear transfer strength of specimens made with
normal-weight concrete is around 20% larger than that of specimens with sand-lightweight
concrete. The shear strength of specimens with sand-lightweight concrete is larger than that of
specimens with all-lightweight concrete by a varied amount. The shear strength of lightweight
concrete specimens, however, is not significantly influenced by the type of lightweight aggregate.
Expressions for calculating the ultimate shear transfer strength were proposed for interfaces in all-
lightweight and sand-lightweight concrete.

In their review of the literature, Santos and Jalio (2012) credit Loov (1978) as being the
first to propose an equation to calculate shear strength between concrete interfaces that included
concrete compressive strength as a variable. The equation credited to Loov is given as

Equation 2.3.



v, =k f(pfy +0,)f! Equation 2.3

Where: v, is the ultimate shear stress, p is the reinforcement ratio, f, is the yield

stress of the transverse reinforcement, g, is the external normal stress applied at

the interface, and k is a constant (0.5 for uncracked interfaces).

Walraven, Frenay, and Pruijssers (1987) tested 88 push-off specimens in three different
series. The first two series were aimed at investigating the influence of concrete compressive
strength on the shear transfer strength, and the third series aimed to study effects of load history.
All the specimens were precracked. The amount of reinforcement crossing the interface, in the
form of closed hoops with a yield stress of either 66 or 79 ksi, was varied. Concrete compressive
strength (3 to 11 ksi) and the product of reinforcement ratio and reinforcement yield stress were
the main variables. For the first two series of tests, specimens were loaded pseudo-statically to
failure. Equation 2.4 was proposed based on test results and existing data. Like Equation 2.3

proposed by Loov, Equation 2.4 includes concrete compressive strength as a basic parameter.

o, .
vyen = C3(0.007p,f,) * (psi) Equation 2.4

C; = 15.686f,.04%°

C, = 0.0353f,.%3°

Where: v, ., is the shear transfer strength, p, is the reinforcement ratio, f,, is the

reinforcement yield stress, and f,. is the concrete compressive strength measured
from 5.9 in. cubes (f, = 0.85f,).

For the third series of tests reported by Walraven et al. (1987), both repeated loading and
sustained loading tests were performed to study the influence of load history. Repeated loading
consisted of a sinusoidal wave of 60 cycles per minute with an amplitude alternating between zero
and a maximum load, which varied between 46 and 66 percent of the static ultimate strength for
each specimen. The number of load cycles varied between 193,725 and 769,400. After the repeated
loading, the specimens were loaded monotonically to failure. For the sustained loading tests, each
specimen was subjected to a load between 40 and 82 percent of the static ultimate strength for a

period of time varying from 76 to 273 days. After that, each specimen was loaded monotonically

10



to failure at an age that varied between 160 to 407 days. Load history was found to have an
insignificant effect on the ultimate recorded shear transfer strength.

Hsu, Mau, and Chen (1987) proposed a theory to predict shear transfer strength between
uncracked concrete interfaces. The model consists of a truss comprised of a series of inclined struts
crossing the interface, where each strut is assigned constitutive properties appropriate for concrete
in compression. It is assumed that a critical zone exists in the vicinity of the shear plane where
shear stresses are distributed approximately uniformly when cracks form. In the critical zone,
strains for the given stress condition can be obtained according to governing equations derived
from the theory. This allows for a complete shear force-slip curve to be calculated, where the peak
force represents the ultimate shear transfer strength of the connection. According to the theory,
reinforcement located parallel to the interface can have a significant effect on the ultimate shear
transfer strength; an effect that is neglected by design codes and standards.

Kahn and Mitchell (2002) tested 50 push-off specimens to study shear transfer between
high-strength concrete (with concrete compressive strengths between 6.8 and 17.9 ksi). Two-leg
stirrups made from Grade 60 No. 3 bars were used as shear reinforcement ori